ABSTRACT Although new generation (prediapausing) adults of Dolycoris baccarum (L.) and Piezodorus lituratus (F.) (Heteroptera: Pentatomidae) spend the summer in Þelds, diapausing individuals spend the winter in overwintering localities under stones and plants. The phospholipid and triacylglycerol fatty acid composition of whole insects from prediapausing and diapausing adults was analyzed to determine changes in fatty acid unsaturation during diapause. The most abundant fatty acids from both fractions were palmitic (16:0), oleic (18:1), linoleic (18:2n-6), palmitoleic (16:1n-7), stearic (18:0), and linolenic (18:3n-3) acids. This represents a typical complement of heteropteran fatty acids. However, palmitoleic acid (16:1n-7) levels were higher in the triacylglycerol fraction in diapausing adults of P. lituratus (13.6%) than those reported from other heteropterans (1Ð3%) (Thompson 1973) . The unsaturation/saturation ratio was signiÞcantly increased in triacylglycerol and phospholipid, apparently because of increases in major monounsaturated 18:1 at the expense of major saturated 16:0 during diapause. These changes were probably a response to low environmental temperatures.
FATTY ACIDS ARE COMPOUNDS of basic signiÞcance in biology. They serve in functions such as energy storage and as structural components in biomembranes. Fatty acids (FAs) also can serve in functions that are either more-or-less unique to insects or are emerging areas of interest in insect biochemistry and physiology. These include serving as substrate for biosynthesis of waxes, pheromones, eicosanoids, and defensive secretions (Stanley-Samuelson et al. 1988) . Although studies of insect FAs have waned in the last decade, recent work is reviving interest in these important biomolecules (Arrese et al. 2001 . Beyond the C16 and C18 components that have been recorded in many insects, Stanley-Samuelson and Dadd (1983) postulated that virtually all insects have C20 polyunsaturated fatty acids (PUFAs) in their tissue lipids, although these long-chain components often are present in very low proportions of total FAs. Aquatic insects stand out with very high proportions (Ͼ20%) of 20:4n-6 and 20:5n-3 components in their tissue lipids (Hanson et al. 1985) . Other insect species maintain unusual FA proÞles. For example, most dipterans are characterized by high proportions of palmitoleic acid (16:1n-7) (Thompson 1973) . The dipteran pattern of high 16:1n-7 also was seen in four heteropterans: Blissus leucopterus leucopterus (Say), Blissus iowensis Andre (Spike et al. 1991) , Eurygaster maura L. (Kilincer et al. 1987) , and Eurygaster integriceps Puton (Bashan et al. 2002) . Presumably, these patterns are somehow adaptive, although the manner in which this occurs is unknown.
Adaptive changes in composition of cellular lipids are a widespread feature of thermal adaptation in ectothermic animals (Hazel 1988 (Hazel , 1989 . Previous studies (Lambremont et al. 1964 , Harwood and Takata 1964 , Schaefer and Washino 1969 , Valder et al. 1969 indicated that proportions of unsaturated fatty acids (UFAs) increase after acclimation to low temperature and commencement of diapause. Increased proportions of UFAs help to maintain the integrity of cellular membranes that is vital for the functioning of cells and whole organisms; e.g., bacteria, protozoa, yeast, plants, invertebrates, and Þsh (Nozawa et al. 1974; Sinensky 1974; Murata and Yamaya 1984; Hazel 1989 Hazel , 1995 Cossins and Macdonald 1989; Tasaka et al. 1996; Suutari et al. 1997) . Similar changes toward higher proportions of UFA in cold-acclimated organisms or tissues also were reported in storage lipids, where they are believed to protect the ßuidity of these depots (Hazel 1979 , Frank 1991 , Ohtsu et al. 1993 , Joanisse and Storey 1996 , Kakela and Hyvarinen 1996 . Hence, patterns of FA composition are expected to undergo substantial remodeling in response to environmental conditions. New generation (prediapausing) adults of Dolycoris baccarum (L.) and Piezodorus lituratus (F.) spend summers in Þelds, whereas diapausing individuals spend winters in overwintering localities. SpeciÞcally in Turkey, they migrate to the Karacadag Mountains (1,919 m) for overwintering. The environment is arid with peculiar steppe vegetation. The insects complete their diapause stage under stones and under plants, such as Astragalis spp. and Acantholmon spp., which are widely distributed in this area. When the surrounding temperature reaches 17ЊC, the insects migrate to lentil Þelds around Diyarbakir, Turkey, and cause serious damage by feeding on lentil throughout the plantÕs development.
We hypothesized that individuals in these species are able to markedly alter their FA proÞles as they make the transition from summer to winter. In this study, the phospholipid (PL) and triacylglycerol (TG) FA composition of whole prediapausing and diapausing adults was analyzed to determine changes in fatty acid unsaturation during diapause. Lipid Analysis. The insects were processed for lipid extraction and analysis following the methods of Howard and Stanley-Samuelson (1990) . Total lipids were extracted by homogenizing groups of Þve diapausing or prediapausing insects per sample in chloroform/methanol [2:1 (vol:vol)]. Autoxidation of unsaturated components was minimized by adding 50 l of 2% butylated hydroxytoluene, in chloroform, to each sample during the extraction process.
Materials and Methods

Insects
The total lipid extracts were dried under a stream of nitrogen. The PL and TG fractions were isolated by thin-layer chromatography (TLC) plates (Silica Gel G, 20 by 20 cm, 0.25 mm in thickness, Sigma, St. Louis, MO). After applying the total lipid extracts, the TLC plates were developed in petroleum ether/diethyl ether/acetic acid [80:20:1 vol:vol] . Lipid fractions were made visible by spraying the TLC plates with 2Ј,7Ј-dichloroßuorescein (Supelco, Supelco Park, PA), and PL and TG fractions were identiÞed by comparison with corresponding standards.
The PL and TG fractions were scraped into reaction vials, and the associated fatty acids were transmethylated by reßuxing the fractions in acidiÞed methanol for 90 min at 85ЊC. The fatty acid methyl esters (FAMEs) were extracted from the reaction vials three times with hexane and concentrated.
The FAMEs were analyzed by gas chromatography by using a Ati Unicam 610 gas chromatograph (ATI Unicam, Cambridge, United Kingdom) equipped with a SP-2330 capillary column (O.25 mm by 30 m, 0.2-m Þlm thickness, Supelco), a ßame ionization detector, and an Unicam 4815 recording integrator. The separations were conducted with temperature programming from 180 to 200ЊC at 5ЊC/min, after an initial 2-min hold. FAMEs were identiÞed by comparisons of retention times with authentic standards (Sigma).
Statistical Analysis. StudentÕs t-test was used to compare differences in the fatty acid composition of prediapausing and diapausing insects, with P Ͻ 0.01 being considered signiÞcant.
Results
The FA composition of PLs and TGs prepared from prediapausing and diapausing adults of D. baccarum are shown in Table 1 . Palmitic (16:0), stearic (18:0), oleic (18:1), and linoleic (18:2n-6) acids represent the major FAs. A small proportion of linolenic acid (18: 3n-3) was found in both lipidic fractions. The highest proportion of 16:1n-7 acid (Ϸ9.8%) was determined in TG of prediapausing adults. Although the proportion of UFAs, the 18:1 and 18:2n-6 acids, increased, saturated fatty acids (SFAs), the 16:0 and 18:0 acids, decreased considerably in PL and TG fractions from diapausing individuals. The UFA/SFA ratio for PL was higher than that calculated for TG.
The FA composition of PLs and TGs prepared from prediapausing and diapausing adults of P. lituratus are shown in Table 2 . The major fatty acids were 16:0, 18:0, 18:1, and 18:2n-6 in the PL and TG fractions. The 16:1n-7 acid made up 2Ð7% of PL FAs and 4 Ð13% of TG FAs. The proportion of 18:1 was higher and the proportion of 16:0 and 18:0 were lower in diapausing compared with prediapausing adults in PL and TG. However, proportions of UFAs, 18:2n-6 and 18:3n-3, decreased in diapausing adults compared with prediapausing adults. The ratio of UFS/SFA from diapausing individuals was higher than that for prediapausing adults.
Discussion
The data presented here support our hypothesis that the FA composition of D. baccarum and P. lituratus are remodeled in winter. Our data indicate that the quantitatively major FAs associated with PLs and TGs prepared from prediapausing and diapausing adults of D. baccarum and P. lituratus include 16:1n-7, 18:0, 18:1, and 18:2n-6, as described for Heteroptera (Thompson 1973 ) and most other insect orders (Fast 1970 , Thompson 1973 , Stanley-Samuelson and Dadd 1983 .
Other insects also can modify their FA composition in response to changes in environmental conditions. For example, the FA composition of the silkworm, Bombyx mori (L.) (Shimizu 1992) ; the heteropteran Pyrrhocoris apterus (L.) (Hodkova et al. 1999) ; the gall ßy Eurosta solidaginis (Fitch) (Bennett et al. 1997) ; and the moth Cymbalophora pudica (Esper) (Kostal and Simek 1998) changed with the onset of diapause. Adaptations of insects to low temperatures have been studied intensively during the second half of the 20th century (Salt 1961 , Asahina 1969 , Zachariassen 1985 . Changes in FA composition have received closer attention only recently, although some information may be extracted from the older literature. For instance, in the boll weevil, Anthonomus grandis grandis Boheman (Lambremont et al. 1964) , and the face ßy, Musca autumnalis De Geer (Valder et al. 1969 ), higher levels of UFA have been found in hibernating individuals than their reproductively active counterparts. A higher proportion of UFAs at lower rearing temperatures also have been reported in some dipterans, such as Culex tarsalis Coquillett (Harwood and Takata 1964) , Drosophila melanogaster (Meigen) (Keith 1966) , Musca domestica L. (Bridges and Watts 1975) , Calliphora erythrocephala (Meigen), and Sarcophaga bullata (Parker) (Danks and Tribe 1979) and in the cockroach Periplaneta americana (L.) (Baldus and Mutchmor 1988) .
Here, we have found differences in FA composition of prediapause and diapause true bugs. In particular, diapausing adults had higher proportions of the monounsaturated fatty acids, 16:1n-7 and C18:1, and lower proportions of the SFAs, 16:0. The UFA/SFA ratio signiÞcantly increased in both PL and TG, due to the increase of 16:1n-7 and 18:1 at the expense of saturated 16:1n-7 FAs. In addition, the proportion of individual PUFAs, 18:2n-6 and 18:3n-3, in response to winter was different in D. baccarum and P. lituratus. In membrane lipids (PLs), the level of the two components was decreased in diapause compared with prediapause adults in P. lituratus, but it increased in D. baccarum. In diapausing individuals of P. lituratus, 18:2n-6 in the TG fraction decreased from 26.99 to 2.55%, whereas in D. baccarum an increase from 26.47 to 34.35% occurred. This result from P. lituratus is in agreement with those found for the heteropterans P. apterus (Hodkova et al. 1999 ) and E. integriceps (Bashan et al. 2002) , the dipteran E. solidaginis, and the lepidopteran Epiblema scudderiana (Clemens) (Joanisse and Storey 1996) . We speculate that these changes represent metabolic adaptation to the colder winter temperatures, which vary among insects. Many ectothermic organisms respond to seasonal changes in environmental temperatures by modifying the FA composition of structural lipids, particularly PLs, that make up cell membranes (Hazel 1995) . Increased proportions of UFA in TG of poikilothermic organisms have been often interpreted as an adaptation to cold, related to the maintenance of an appropriate ßuidity of the depot lipids to make them available as energy resources (Hazel 1979 , Frank 1991 , Ohtsu et al. 1993 , Joanisse and Storey 1996 , Kakela and Hyvarinen 1996 .
Certain groups of insects stand out because they exhibit unusual and characteristic FA proÞles (Stanley et al. 1988) . Dipterans are characteristically high in C16:1n-7 (Fast 1970) . Some aphids have up to 80% 14:0 (Dillwith et al. 1993) , and coccids have a high proportion of decanoic (C10:0) and lauric (C12:0) acids (Stanley-Samuelson et al.1988) . In relation to the heteropterans B. leucopterus and B. i. iowensis, relatively high proportions of C16:1n-7, a major component of dipteran lipids, were found in both TG (41%) and PL (34%) fractions in the diapausing and nondiapausing (Thompson 1973 ). We did not detect the eicosanoid precursor C20 PUFAs or the odd-chain FAs, 15:0, 17:0, and 21:0. These FAs usually occur in low proportions and have been reported in only a few instances. They are probably routinely present in the lipids of most insects, but they are often overlooked because they are not present in easily detectable quantities. Odd-chain fatty acids have been reported for only a few insect species, including exocrine tissues of P. americana (Stanley-Samuelson and Pipa 1984) , the PLs of the dipteran Microdon albicomatus Novak and its prey Myrmica incompleta Provancher (Stanley-Samuelson et al. 1990a) ; selected tissues of the yellow mealworm beetle, Tenebrio molitor L. (Howard and Stanley-Samuelson 1990) ; and the desert cicada, Tibicen dealbatus (Davis) (Stanley-Samuelson et al. 1990b) .
The results from our study show that the PL and TG FA compositions are different for each species studied. For example, compared with TGs, PLs contain higher proportions of two PUFAs, 18:2n-6 and 18:3n-3 acids, and also contain a lower proportion of saturated 16:0 and monounsaturated 16:1n-7 and 18:1 for adults of P. lituratus (Table 2 ). In PLs, adults of D. baccarum have less 16:0 and 18:1 and more 18:2n-6 than occur in TGs (Table 1) .
The UFA/SFA ratio for PLs of P. lituratus and D. baccarum were signiÞcantly higher than those calculated for TGs, mainly because of the high proportion of oleic and linoleic acids. One of the prominent patterns in insect fatty acid compositions is that PUFAs are generally found in higher proportions of PLs, as opposed to neutral lipids (Stanley-Samuelson and Dadd 1983) . Our Þndings from D. baccarum and P. lituratus also agree on this point. C18 PUFAs, especially 18:2n-6 acid, tend to occur preferentially in insect PLs (Stanley-Samuelson et al. 1990b, Howard and Stanley-Samuelson 1990) , and our data are in accord with this general situation, because C18 PUFAs, 18:2n-6 and 18:3n-3, are in considerably higher proportions for the PL fatty acids than for those of the TGs. High levels of these 18 PUFAs in the PL could be based on a number of physiological factors. One of the major functions of 18:2n-6 acid and PUFAs, in general, is as a structural component of membranes to maintain proper ßuidity and permeability. 18:2n-6 acid is also a precursor to arachidonic acid (20:4), a PUFA precursor to the eicosanoids, including prostaglandins, leukotrienes, and thromboxanes. These products of arachidonic acid metabolism play an essential role in the regulation of physiological processes. In insects, eicosanoids mediate such diverse activities as the stimulation of oviposition and immunity to various antigens (Stanley 2000 (Stanley , 2004 Stanley et al. 2002) .
